Abstract. The total ozone mapping spectrometer (TOMS) ozone measurement is derived by comparing measured backscatter ultraviolet radiances with theoretical radiances computed using standard climatological ozone profiles. Profile shape errors occur in this algorithm at high optical path lengths whenever the actual vertical ozone distribution differs significantly from the standard profile used. These errors are estimated using radiative transfer calculations and measurements of the actual ozone profile. These estimated errors include a shortterm component resulting from day-to-day variability in profile shape that gives rise to a standard deviation of 10% in total column ozone amount, as well as a systematic error in the long-term trend at very high solar zenith angles. The trend error resulting from the long-term changes in the ozone profile shape is estimated using measurements from the solar backscattered ultraviolet instrument. At the maximum retrieval solar zenith angle of 88 ø , these calculations indicate that TOMS long-term ozone depletions may be overestimated by 5% per decade. 
Introduction
The total ozone mapping spectrometer (TOMS) instrument measured total column ozone continuously from its launch onboard the Nimbus 7 spacecraft in late October 1978 until it ceased to function on May 6, 1993. These data were processed as version 6 using an improved long-term instrument calibration in 1991 [Herman et al., 1991a] . A number of long-term ozone trend estimates have been derived using this valuable data set [Stolarski et al., 1991; Herman et al., 1991b] . The latitudinal extent of these trend analyses was limited by the onset of known algorithmic errors in the TOMS retrievals at high solar zenith angles [Klenk et al., 1982] . These error sources include sensitivity to the actual vertical distribution of ozone (profile shape), the temperature dependence of the ozone absorption coefficients, uncertainty in the solar zenith angle itself, and small spherical effects on multiple scattered radiation (spherical geometry is applied only to the primary radiation). Of these possible error sources, the profile shape error is the primary source of uncertainty in the TOMS retrievals at high solar zenith angles.
In the version 6 TOMS retrieval, climatological ozone and temperature profiles for various latitude zones and total ozone Copyright 1997 by the American Geophysical Union.
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0148-0227/97/96JD-03965509.00 amounts are used in a radiative transfer calculation [Dave, 1964] in order to compute radiances with which the measured radiances are compared in the ozone computation [McPeters et al., 1993] . A set of five fixed temperature profiles are used, including one each for low, middle, and high latitudes and a separate temperature profile for each of the 125 and 175 Dobson unit (DU) ozone profiles which characterize ozone hole conditions. The temperature profiles are used in the radiative transfer calculations to take the temperature dependence of the ozone absorption cross sections into account. Pairs of wavclcngtnb are used in the ozone lculeYd• a•;ux•unn to iTiillimize errors resulting from aerosols and surface reflectivity effects not taken into account in the radiative transfer calculation. Differences between the assumed climatological ozone profile and the actual ozone profile lead to errors in total ozone determined using this scheme at high solar zenith angles. Longer wavelength pairs are used at higher solar zenith angles since they are much less sensitive to profile shape effects. The differential impact of the profile shape error at the various wavelength pairs indicates, however, that profile shape information is present in the TOMS measurements at high solar zenith angles. An interpolation procedure internal to TOMS is presented below to extract this information by comparing interpair differences resulting from alternate choices of profile shape.
Also onboard the Nimbus 7 spacecraft is the nadir-viewing 
Profile Shape Error Estimates
The profile shape errors are estimated using a first-order Taylor series based on differences in layer ozone. The sensitivity of retrieved total ozone to the difference in actual and assumed ozone amount in a single layer is estimated by recalculating the radiative transfer using layer ozone amounts perturbed by 10% from the climatology. This calculation is done separately in each of the Umkehr layers defined in Table 1 . Figure 1 shows the resulting layer sensitivities as total ozone retrieval error per layer ozone difference (percent per percent) as a function of central layer pressure (and estimated altitude) for a nominal high-latitude profile at a range of solar zenith angles. This figure indicates a small oversensitivity of the retrieval algorithm to changes in the upper level profile shape and a somewhat smaller undersensitivity to changes in the lower level profile. The algorithm performs very well near the ozone peak where climatological variations are the strongest, in this case, at layer 3.
The undersensitivity of a wavelength pair at the lower layers comes about because the ozone-sensitive (higher ozone cross section) wavelength does not penetrate the entire ozone profile when the optical depth becomes large. The lowest part of the ozone profile is implicitly derived from the assumed climatology, and if this climatology is not correct, ozone error results. This problem is partially mitigated by using longer wavelengths at higher path lengths, but the results in Figure 1 include this correction. In layers 0 and 1, there is very little differential sensitivity in the pairs, because none of the TOMS ozone wavelengths penetrate these layers adequately to measure tropospheric ozone [Klenk et al., 1982] . The tropospheric ozone represents only a small percentage of the total column, however, so that the error sensitivity in this region is small.
The oversensitivity to differences in the upper level profile has strong differential sensitivity in the pairs. At high solar zenith angles, the upper level ozone acts like an amplifier in controlling the amount of radiation reaching higher pressures where the bulk of the backscatter signal is generated [Dave and Mateer, 1967] . Because of this, the assumed height of the ozone maximum becomes important in TOMS measurements made at high path lengths.
The error in a particular total ozone retrieval for a particular layer (1) can be calculated using some measurement of the local profile to provide layer ozone differences (AXl) which are multiplied by the associated layer sensitivity ((O•/OX)l). The layer contributions to the total ozone error are then summed over all layers to provide the final error estimate:
This approach is similar to one used in a previous study [Klenk et al., 1982] order to adjust the standard profiles to avoid this type of extrapolation in application of the method, a reanalysis of the standard profiles was undertaken based on the SAGE II ozone profiles in an effort to define a more extreme high-latitude climatology. This analysis is described in the next section.
Empirical Orthogonal Function Analysis of Ozone Profile Climatology
In order to optimize the profile shape interpolation procedure described in the previous section, the empirical orthogonal functions (EOF) of an external ozone profile climatology have been calculated and analyzed. Ozone profiles from the SAGE II over the period from launch in October 1984 through June 1991 when the eruption of Mount Pinatubo began to impact the SAGE II ozone retrieval are used in this study [McCormick et al., 1989 ]. The standard profiles of TOMS are defined in Umkehr layers (Table 1) , so the SAGE II profiles are converted to pressure coordinates using the National Meteorological Center (NMC) temperature profiles provided with the archived data and integrated into Umkehr layers. To provide a consistent data set, only retrievals with good data down through layer 2 (approximately 180 mbar, or 12.5 km) are used in the study. The depth of the SAGE II retrieval is limited by clouds. From the complete set of 27,110 profiles, 23,433 are selected using this criterion.
To provide statistically consistent lower layers for SAGE II profiles, a set of 4912 balloonsonde profiles in the period November 1978 through 1987 for 20 ground sites distributed about the globe are used ( Table 2 ). The ozone amount in layers 0 and I (0-10 km) are regressed against the layer 2 (10-15 km) ozone amount to correlate the balloonsonde climatology with the SAGE II profiles. This is done separately in each of three broad latitude zones from 00-30 ø , 30ø-60 ø , and The resulting climatology is fairly representative, except that the SAGE II only reaches latitudes higher than 70 ø twice per year, and the balloonsonde climatology is overrepresented in the northern hemisphere. As will be shown below, the profile shape is highly variable at middle and high latitudes, so the SAGE II data are probably representative of almost all possible ozone profile shapes. The balloonsonde data show a hemispheric asymmetry in tropospheric ozone, and because it is overrepresented in the northern hemisphere, it is giving an integrated total ozone amount in the resulting climatology that is slightly high. The tropospheric ozone amounts themselves Figure 8 shows the primary and secondary coefficients plotted versus latitude. A rough correlation between latitude and these coefficients can be seen, but more striking is the large variability in the profile as characterized by the EOF in the middle and high latitudes. For retrievals at high solar zenith angles where profile shape dependence exists, a profile shape selection criterion that is more responsive than latitude is clearly required. The profile inter-polation procedure described in the previous section provides this capability, but to reduce the need for extrapolation in this procedure, standard profiles which better span the set of possible profiles are needed. The existing version 6 standard profiles have been adjusted to produce version 7 profiles that better span the external climatology in eigenspace. Explicit use of the eigenfunctions is not possible, however, because certain restrictions are placed on the behavior of the standard profiles. For example, one could use a fractional multiple of the secondary eigenfunction to adjust a given profile along the ordinate in Figure 8 easily and accurately. However, such an adjustment would change the upper level profile and the tropospheric amounts and would result in differences in those regions for different total ozone amounts within a single latitude region. To build such a dependence into the standard profiles would produce dependencies in the TOMS retrievals that are not supported by the observation. To avoid this, the peak height is moved up or down as indicated by the secondary eigenfunction without changing the upper level shape or tropospheric amount. By making such adjustments it is possible to create a set of version 7 standard profiles that span the eigenspace defined by the combined climatology and exhibit consistent behavior in the upper and lower regions. The version 7 high-latitude profiles have moved downward in Figure 9 , indicating lower heights for ozone maxima. When the mixing procedure described earlier is applied using this climatology, the occurrence of mixing factors greater than one is reduced significantly.
Additional standard profiles have been created in the equatorial region at 375, 425, and 475 DU. Although total ozone amounts in this range do not normally occur in the equatorial region, this is done to provide endpoints for profile mixing at higher ozone amounts encountered in middle latitudes. Profiles from the composite climatology are binned in small cells in the eigenspace of Figure 9 and averaged. These profiles are then modified to conform to the algorithmic requirements mentioned above and then adjusted slightly to obtain their final locations in eigenspace. The resulting profiles, as well as the rest of the version 7 ozone profiles, are shown in Figure 10 and Table 3 .
We note that the interpolation procedure described in the previous section does not take place in the eigenspace illustrated in Figure 9 . It is a two-dimensional interpolation done by interpolation along the separate climatologies (connected by solid lines in Figure 9 ) which vary in total ozone and between two of the climatologies which vary in height of the ozone maximum. These coordinates are not necessarily orthogonal, though they are seen to be roughly so by examination of the primary and secondary EOF in Figure 7 . As discussed in the previous section, the interpolation is limited to two dimensions by availability of information.
The tropospheric ozone amounts from the balloonsonde climatology exhibit a hemispheric asymmetry. The possibility of using separate sets of standard profiles in the two hemispheres is rejected, however, because the impact of the tropospheric ozone on the total ozone retrieval is minimal. The tropospheric ozone amount represents only 3% of the total column amount and is partly measured by TOMS [Klenk et al., 1982] . Building in a small hemispheric asymmetry based on external data sources is probably an unwarranted complication to the TOMS retrieval and the interpretation of the TOMS data. The use of symmetric tropospheres in the retrieval results in small errors that are more easily interpreted by the user. A small concession to the asymmetry is made, however, by using lower tropospheric amounts in the case of the 125-and 175-DU profiles because they are only found in the southern hemisphere. A somewhat smaller tropospheric amount is also used in the 225-DU profile. If total ozone amounts of this magnitude are' encountered in the northern hemisphere, a small error will result [Klenk et al., 1982] . Figure 11 shows a profile of layer temperature correlation with total ozone indicating a maximum of about 0.5 near the ozone maximum. Because of this, the total ozone dependent temperature profiles have been adopted in version 7 to take into 
